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Abstract
Makkah – the third most populated city in Saudi Arabia with a population of 1,684,408
according to the 2010 demographic survey conducted by the Saudi General Authority for
Statistics – is experiencing urban sprawl, which can be defined as an unplanned urban expansion
that might degrade the environment and diminish the aesthetic view. This is a persisting problem
in Makkah driven by multitude of processes involving the random expansion in its undeveloped
land and the removal of its historic mountains surrounding Al-Masjid Al-Haram (the Holy
Mosque) in an attempt to push the city limit of urban capacity within its administrative
boundaries. These widespread practices allowed uncoordinated urban growth and dramatically
changed the face of Makkah over years. This study employed remote sensing techniques to
detect and assess land use changes occurred in Makkah city over the past 34 years (1984-2018),
using data from Landsat 5, 7 and 8. Results depicted a rapid transition of non-urban to urban area
of about 133.32 km2, which is about 12.82% of the total area. To assist the city planners and
decision makers with the integrated urban development of Makkah, a fuzzy logic model was
created and applied in this study. This model assigns weights between zero (fully excluded) and
one (fully included) to continuous variables (raster cells) in fuzzy sets based on desirable criteria
for integrated urban development. The modeling procedure incorporated proximity to the holy
places, highways, drainage network, and existing urban centers, and considered protection to the
green spaces and the aesthetically pleasing views of the landscape. The ultimate fuzzy overlay of
the desired criteria was used to identify optimal places suitable for urban growth. These places
were found mainly in the western, southwestern, and northern divisions of the city. Results from
this research can help authorities cease the random urban growth in Makkah and can definitely

support an informed urban expansion that avoids periodical flash floods and reduces congestion
near the holy places.
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CHAPTER I
1. Introduction
The city of Makkah is a bustling epicenter of religion, customs, and culture in Saudi
Arabia. Its fabulous historical resources and associated religious implications attract people from
around the globe. By hosting the Kaaba and Al-Masjid Al-Haram, it is considered the holiest of
cities to Muslims, and since its settlement in approximately 1892 BCE, it has been a destination
for pilgrims, merchants, and immigrants. As an icon for Islam, the city does not only strengthen
Saudi Arabia’s political authorits but also opens its boundaries to Muslims from around the
world. Although the population of the city is about 1.7 million, this number increases to over 3.5
million when the city welcomes pilgrims. In recent years, poor planning has not kept pace with
the rapid population growth in the city and the resultant increased demand for housing. This has
resulted in parts of the city being illegally settled as densely populated informal housing areas.
Restricting development to preferred areas in the mountainous and hilly topography of the land
around the city has also increased congestion. Residents avoid settling on areas that are difficult
to develop. Moreover, pilgrims prefer to be close to the holy sites during their visits to the city,
causing these areas to become overcrowded.
This chapter contains a discussion of the significance of Makkah as a holy city to
Muslims, highlighting the reasons for the status of the city as an important site of pilgrimage for
Muslims. Also included is a delineation of the city’s geographical and demographics, economy,
housing, transportation, and hazards.
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2. Significance of Makkah
One of the Islamic “Pillars,” an obligation that Muslims must follow, is Hajj, the
injunction that every adult Muslim should undertake the pilgrimage to the holy city of Makkah
once in his or her lifetime, unless he or she is not financially or physically able to take the
journey (Alafghani, 1987). Makkah is one of the world’s most ancient cities, with its foundation
dating back to nearly 1892 BCE (Mekki, 1988). The nucleus of Makkah is the Kaaba, or the
metaphorical House of God, a sacred Islamic site.
The Quran (the holy book of Muslims) mentions that Prophet Ibrahim (Abraham in
English) and his elder son Ishmael were the original builders of Kaaba, presenting it to God
(Quran, 2:127). Muslims believe that the first establishment of the city was when God elected it
to be Prophet Ibrahim’s new family residence. Prophet Ibrahim’s son, Ishmael, overcome with
thirst, scraped the sand with his foot, asking for water. Water unexpectedly burst as a spring from
the ground at his small legs. This water source is known as “Zamzam well”, which provides a
constant water supply to residents and visitors of this dry area till today.
In the fourth century, Makkah became a major urban center with a growing population.
During the fifth and sixth centuries, a tribe called the Quraish gradually turned the city into a
regional trade center. By the seventh century, Makkah was transformed into the capital of Islam
and the most important destination for Islamic pilgrimage, when, in 609 CE, Prophet Mohammed
began receiving the first revelations of the Holy Quran (Alafghani, 1987). As a result of religious
tourism, this transformation had a notable effect on the development and wealth of the city,
which is managed by the Kingdom of Saudi Arabia, an absolute monarchy (Kadhim, 2016).
According to the Pew Research Center (2017), 1.8 billion Muslims worldwide orient
themselves towards Makkah during their prayers five times daily. They also descend on the city
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to pray and enjoy the holiest days of the Islamic calendar. By the time of the passing away of the
Prophet Mohammed in 632 CE, the number of pilgrims headed to Makkah was increasing yearly.
The two main holy Islamic rituals, Omrah and Hajj, had a significant role, not only in developing
the economy and growing the size of the holy city of Makkah, but also in the nature of its
urbanization and its types of buildings and land uses.
Hajj is an Arabic term that directly translates to “heading towards” a certain place. A
more common translation is “pilgrimage,” which is a religious ritual found in many different
religions, such as Christianity, Hinduism, and Buddhism (Alamoudy, 2013). The word Omrah
originates from the Arabic word “i'timar”, meaning “a visit” to a certain place and is similar to
Hajj but with fewer rituals. Unlike Hajj, a Muslim is not obliged to perform Omrah (Alamoudy,
2013).
3. History of the Development in Makkah
Historically, Makkah’s residents lived in wooden tents that extended along the valley far
from the Kaaba. The residents preferred to live in proximity to the tributaries of Ibrahim’s Valley
and the surrounding hills rather than living close to the Kaaba, despite its religious significance.
But in the fifth century, a leader named Qusayy Ibn Killab arrived in Makkah and persuaded the
residents to move closer to the Kaaba, which he had reconstructed. He was the first leader who
tried to set a plan for the development of the city, demanding that the entryways to all houses
opened toward the Kaaba. The houses were also built in gatherings of two, leaving spaces for
back streets between them (Toulan, 1993).
The rise of Islam in the first half of the seventh century brought noticeable changes to
Makkah. A mosque was built near the Kaaba and was named Al-Masjid Al-Haram (the Holy
Mosque). All houses were built either shorter than or at the same height as the Kaaba, which is
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variously estimated to be between 12.03 m (39.5 feet) and 13.1 m (43 feet) high. People living
near the Kaaba had a convenient commute to Al-Masjid Al-Haram for daily prayers. The
connection between the Kaaba and the local areas around it were then shaped through residential
and commercial expansions and developments (Toulan, 1993).
The layout of the city stayed nearly the same until 638, when the second Caliph, Omar
Ibn Al-Khattab, ruled the Islamic Khilafa, and became anxious about possible flooding of the
Kaaba (Alafghani, 1987). Consequently, he ordered the implementation of several expansion
restrictions and protections of the Kaaba, including the construction of a wall around it. As a
result, the Kaaba had a real physical border around it for the first time (Toulan, 1993). The rough
topography of the area surrounding the Kaaba further limited urban expansion, not bringing
about the construction of proper planner and dense urban living spaces. The same factors
continue to impact urban development of the city till today (Toulan, 1993).
The expansion of the urban areas of the city over time is illustrated in Figure 1. In 661
CE, the urban area had grown to approximately 30 hectares. From then until 1512, the city had
no major development because of the restrictions on expansion (Toulan, 1993). All buildings
were restricted to the internal borders of the valley. Out of the groups of villages surrounding the
Kaaba that were gradually developed, the most popular region was segmented into sections
consisting of traditional buildings close to the core and newer constructions near the periphery
(Alafghani, 1987). During the same time period, a large number of Muslims had arrived in
Makkah to live near the Kaaba. This resulted in a considerable expansion of the city. Over a
period of 800 years, the urban area of the city was doubled to approximately 59 hectares.
In 1923, King Abdul Aziz established the Kingdom of Saudi Arabia, which caused
significant growth and expansion of Makkah. He prioritized the growth of the country by
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inviting Muslims from around the world to emigrate to the Kingdom. During the 1950s, Makkah
had grown to eight times its original size in 661, and the annual number of pilgrims increased by
more than one million by the end of the 1960s (Toulan, 1993).

Figure 1. Urban expansion in Makkah over time (courtesy of Toulan, 1993)
In 1938, the city experienced rapid growth after the discovery and production of oil in the
Kingdom. The revenues from the oil industry financed the removal of some parts of the
neighboring mountains, which facilitated expansion in these areas as well as enabling the
development of road networks linking the city to adjacent cities and regions. By 1986, the total
constructed areas of Makkah had enlarged rapidly to cover about 4,721 hectares (Kadhim, 2016).
Since 1986, the annual rate of development of already developed urban areas increased
significantly. A number of expansions in the central area and in Al-Masjid Al-Haram area were
accompanied by the construction of ring roads and central tunnels in and around Makkah.
Informal settlements had increased and expanded, with the majority of the population being nonSaudi. Informal settlements are those areas that grow up due the necessity to have a shelter and a
community. However, these areas do not adhere to the established codes of urban planning,
construction, design, and land tenure (Kadhim, 2016).
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3.1. Pilgrimage sites
The city of Makkah, and other ports of entry into Saudi Arabia play an important part in
Hajj. The rituals of Hajj involve the city of Makkah (the sacred sites of Al-Masjid Al-Haram,
Muzdalifa, Mina, Arafat, and Jamarat). Al-Masjid Al-Haram lies in Ibrahim’s Valley,
specifically in the lower reaches of the catchment. It was built around the Kaaba that has a
distinctive cube shape. When performing Hajj and Omrah, pilgrims circumambulate the Kaaba,
which is a ritual representing the oneness of God.
Figure 4 shows the Arafat mountain and the valley of Mina relative to the Al-Masjid AlHaram. The Arafat mountain is about 70 m high and is located 20 Km SE from Al-Masjid AlHaram. The Arafat valley is bounded by a dry riverbed in the west and by a comparatively low
mountain range in the east. Mina is a narrow valley located around 7 km NE from Al-Masjid AlHaram. This valley is bounded by steep and highly elevated rocks, except for its eastern border,
which is a dry riverbed. It is referred to as “the tent city” since there are no buildings. This valley
is only occupied during the rituals of Hajj and is deserted at all other times of the year.
Muzdalifah is an extensive valley engulfing a small hill that is surrounded by a number of hard
mountains, forming a constricted pass. It is situated between Mina and Arafat, about 3 Km SE of
Mina, where pilgrims are instructed to stay overnight after leaving Arafat. It is an open space
covering about 12 Km2 where no buildings or tents are constructed. Another key ritual takes
place at Jamarat, near Mina, where pilgrims throw small stones on a pillar meant to represent
Satan.

6

4. Physical and Socioeconomic Characteristics of Makkah
4.1. Geographical setting
Makkah is located in the mid-western segment of Saudi Arabia at an elevation range
between 118 and 989 m above sea level (Figure 2). The distance from the Red Sea to Makkah is
approximately 80 km, and according to the census data provided by the General Authority for
Statistics in 2010, Makkah has a population of 1,684,408 legal residents. Notably, foreigners
who visit for Hajj and Omrah but never return to their countries are not included in this
estimation of Makkah city’s population. Makkah’s surface area, within the boundaries of the
city, is 1,300 km2 (El Bastawesy et al., 2013), as shown in Figure 2.
Makkah has four catchments that are entirely sited within the city; from north to south,
they are: Zaher, Lahgaa, Ibrahim, and Mehasser (Figure 3). Two other catchments, Saret and
Uranna, are located within Makkah as sub-basins but are considered a part of other major basins
that surround the city (Dawod et al., 2011). Individually, the areas of the catchments range
between 74.3 Km2 and 360.6 Km2, as shown in Table 1.
Table 1. The main catchments within the study area
Catchment
Area (Km2)
Zaher
252.7
Lahgaa

122.3

Ibrahim

109.9

Mehasser

74.3

Saret

360.6

Uranna

200.2
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Figure 2. Makkah city as seen by Sentinel-2 satellite on October 21, 2018. The spatial resolution
is 10 m. City boundaries are indicated by the white polygon
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Figure 3. The six catchments within the study area as seen by Sentinel-2 satellite on October 21,
2018 (spatial resolution is 10 m)
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4.2. Climate
The climate of Makkah is a mix of the cyclonic systems of the Mediterranean that travel
from the north during the winter and the monsoons, and travel from the southeast during the
summer (Subyani, 2009). Typical temperatures in the summer fluctuate between 35°C and 45°C.
So far, 48°C is the highest temperature recorded. In winter, the average temperatures are 18°C
during the night and 30°C through the afternoon. Even though the amount of precipitation is low
during the winter season, flash floods are common. Runoff from the higher elevations into the
city, which is located in a valley floor, makes drainage of rainwater difficult (Halabi, 2006).
To monitor the precipitation change over the past 40 years, raw data from 1966 to 2007
were adapted from Al-Ghamdi et al. (2012) and raw data from 2008 to 2018 were obtained from
the General Authority of Meteorology and Environmenal Protection. Figure 5 shows the annual
rainfall in Makkah from 1966 to 2018. The graph shows a minimum of 3.8 mm and a maximum
of 318.5 mm, with a mean annual rainfall of 100 mm/yr (Dawod et al., 2011). Despite the arid
climate of Makkah, flash floods are occasionally triggered by heavy storms for short periods. A
total of 315 mm of rainfall occurred in 1968, which triggered a flash flood around Kaaba. Heavy
storms often trigger flash floods that destroy populous areas. Some years, however, Makkah
experienced very low annual rainfall. In 1980 for example, only 3.8 mm of precipitation was
recorded, and during 1974, the total annual rainfall was only 14.7 mm, as shown in Figure 5. On
December 18, 1985, a single storm delivered 63 mm of the 123 mm total for that year, and it is
not uncommon that a single storm would deliver half of the total annual rainfall for that year (El
Bastawesy et al., 2013).
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Figure 5. Annual rainfall in Makkah from 1966 to 2018
4.3. Population
4.3.1. Population growth
Makkah has a unique demography because the city has been a major attractive
destination for Muslims worldwide who want to work and live near the holy places.
Additionally, the city is greatly influenced by local migration from other areas around Makkah.
In 1843, Makkah’s population was approximately 19,000. This increased to 25,000 by 1871
(Halabi, 2006). Al-Ghamdi et al. (2012) noted that the residential areas of the city had grown by
197% in only the two decades between 1990 and 2010. According to the latest data from the
Saudi Central Department of Statistics and Information (2010), the population of Makkah city is
about 1684408 million residents. This number does not include the undocumented immigrants.
Only 55% of the population of Makkah consists of Saudi Arabian citizens, and this is the lowest
proportion compared to the other cities in Saudi Arabia. Moreover, the number of annual
pilgrims follows the same trend as the general population. The government is so concerned about
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the growth rate of Makkah’s population, which is averaging 2.9% per year. At this rate, the
population will reach over three million residents by the year 2040, which is expected to cause
significant problems (Al-Sudairy, 2015).
4.3.2. Immigrants
There are three categories of immigrants to Makkah: (1) Immigrants with guest work or
visitors’ visas who stay in the city for a fixed time and then return to their home countries. (2)
Asylum seekers and refugees primarily from countries, such as Myanmar (Burma), Palestine,
Syria, and Yemen. (3) Undocumented or illegal immigrants who enter Saudi Arabia as guest
workers or visitors during Hajj but then do not return to their home countries after their visas
expire.
The annual rate of migration to Makkah between 1998 and 2008 averaged 5,400 Saudi
citizens and 11,700 other nationalities, which accounted for 43% of Makkah’s population growth
during those ten years. The classification of population by nationality, Saudi and non-Saudi, does
not show the complex variety of immigrant residents in Makkah – over-stayers, guest workers,
third generation immigrants or asylum seekers – but simply reflects national policies (Alamoudy,
2017). The municipality uses this quantitative data when determining how to address a
population where almost half the residents are immigrants. Immigrants to Makkah originate
mostly from African and South Asian countries and are victims of social discrimination in their
countries, like the Hausa in Nigeria and the Rohingya in Myanmar. Based on an estimate from
1970, the majority of immigrants to Saudi Arabia choose to live in the city of Makkah (AlSudairy, 2015).

13

4.3.3. Visitors
Visitors flock to Makkah all year round, but the number peaks during Hajj. Pilgrims only
stay a few days, but this places major demands on the government and city developers to
guarantee that the city can handle that influx of visitors. Visitors to the city are hosted in three
types of accommodations: (1) hotels mostly located in the central area close to the Kaaba, (2)
short-term rental apartments, and (3) tents located at Mina. Pilgrims cause growth in the urban
areas of the city, particularly in those areas near the Kaaba, and increase the value of the city’s
real estate (Alamoudy, 2017).
4.4. Socioeconomics
The estimated contribution of Hajj and Omrah to Saudi Arabia’s annual Gross Domestic
Product (GDP) is about $12 billion (3% of the Saudi’s GDP) and comes from about 8 million
yearly visitors (Alamoudy, 2017). The number of annual visitors and pilgrims is expected to
reach 20 million in 2020 and 30 million in 2030. This will increase the total growth of religious
tourism’s contribution to the national income to more than $54 billion by 2020.
The socio-economic composition of the city shows that about 80% earn less than $1,172
a month. The top quartile monthly income is above $1,866. Low skill jobs are the most available
employment opportunities. Retail and administration jobs represent 33% of the total workforce.
Home ownership is considered an important source of employment as it serves as rental income
to the property owners. Immigrants represent 12% of the whole workforce. Approximately 12%
of employment go to the construction sector. This percentage might have grown significantly as
a result of the mega projects begun in the city since 2007 (Al-Sudairy, 2015); however, recent
employment data are not available.
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4.5. Housing
As shown in Figure 2, the Kaaba is located at the center of the city, and neighborhoods
are located concentrically out from there. Some of these neighborhoods are well planned and
have adequate infrastructure, while others are poorly planned or even unplanned and lack the
infrastructure for the delivery of municipal utility services. Three main types of houses can be
identified in Makkah. The majority of residents, about 63% of the population, reside in
apartments, as they are relatively inexpensive and close to the city center. About 25% of the
population lives in traditional one-family homes, which are generally old, often in need of repair
and are found mainly within informal areas. The quality level of these homes varies from fairly
good to decaying and commonly do not adhere to building codes. Villas are the least common
form of housing as they require considerable space and are located away from the center of the
city (Al-Khaldy, 2009).
Structures close to the center of Makkah are predominantly hotels and apartment
buildings, while a number of houses have been built in the immediate vicinity of Al-Masjid AlHaram. Beyond this area, there are a number of traditional houses and apartments. Because of
issues of cost and the restrictions in the market for formal housing, neighborhoods with informal
structures have been developed. These neighborhoods are extremely crowded, and the houses are
closely built. The haphazard nature of these informal areas and the limited spaces between
dwellings have hindered traffic from moving smoothly. These houses are usually not well-built
and have many defects. Constructed carelessly and quickly, sometimes even overnight, and often
with not enough stones, these homes were generally built in the oldest neighborhoods.
Accordingly, many of these houses do not have access to standard urban resources, such as
electricity, water, trash collection, sewer system or parking (Al-Khuzai, 2014). In addition, the
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topography of the area has contributed to the haphazard construction of these traditional
buildings, as can be seen in Figure 6. The residents of these traditional houses are both Saudis
and non-Saudis (Youssef el al., 2015).
Although newer and better-designed villas have been built just outside the borders of
Makkah, houses in the crowded inner areas are constructed with concrete, stone, or block. Most
houses are constructed of concrete, while stone-built houses are the least common. Each type of
construction material may cause some kind of problem. Stone buildings are the oldest, with
many dating back to the 19th century. Presently, concrete is the preferred construction material
because it is cheaper, more accessible than stones, saves energy, and helps in retaining cool air.

Figure 6. Crowded houses built on a mountain (courtesy of Al-Khaldy, 2009)
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4.5.1. Challenges in housing development
Saudi authorities face many challenges regarding the redevelopment of Makkah, some of
which are related to the rapid population growth and the distribution of its residents, others to the
nature of the local terrain. The topography, and in particular the fact that Makkah is occupied by
rugged mountains, poses significant challenges to the physical growth of the holy city. This has
caused an enormous rise in the cost of improvement in those mountainous regions (Al-Ghamdi et
al., 2011). Also, the presence of deep valleys makes it difficult to construct new neighborhoods.
This isolation of municipal neighborhoods has been at least partially overcome by several rockcut corridors and tunnels passing through the mountains. As a result of the limited availability of
land appropriate for city growth, the piedmont and foot slopes of the near mountains are
reshaped to make spaces for new constructions, particularly near Al-Masjid Al-Haram. Likewise,
the mountainous foot slopes bordering the sacred sites of Muzdalepha, Arafat, and Mina have
been removed to provide space for constructions to accommodate the millions of pilgrims who
gather annually for few days to perform Hajj (Al-Harbi et al., 2012). The removal of this natural
terrain to accommodate the influx of pilgrims; however, has caused a disturbance in the city’s
natural drainage patterns (Alafghani, 1987).
4.5.2. Issues facing Makkah residents
As a result of the spread of unplanned areas, inhabitants of Makkah face many problems,
which may be either seasonal or permanent. One of these problems is water availability. Water is
acquired from three main sources: (1) piped public water, which is clarified in 24 filtering
stations from the Red Sea; (2) wells used by residents far from the city or on farms; and (3)
catchment tanks. The piped water is delivered to everyone within the city limits, so the
catchment tanks are mainly used outside the city. During most of the year, the available water is
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sufficient to cover the needs of residents. However, a water shortage normally developes in the
time of Hajj and Omrah (Al-khuzai, 2014). To overcome this, some residents of Makkah keep a
catchment tank in their basements to be used during these times.
Another challenge for the residents of Makkah is the large consumption of electricity.
Makkah has two primary sources of electricity: (1) power that is provided on a state public
network, and (2) power that is provided by private networks and generators. Most residents use
electricity provided by the public network (Al-khaldy, 2009), but buildings located outside the
city have no electricity at all.
4.6. Transportation to Makkah
More than two million pilgrims travel to Makkah every year to perform their religious
duty at the same time (Seliaman, 2001). A major challenge throughout the pilgrimage period is
how to regulate the movement of vehicles and the mass transit of pilgrims across the city.
Makkah has been a center of the infrastructure that connects the country with other Arabian
Peninsula countries (Hekki, 1988). Seven main routes were established in the Arabian Peninsula
during the Islamic era, which began in 622 CE. Pilgrims and merchants from different parts of
the Arabian world have used these routes since that time. These seven routes are the Basrai and
Kufai routes from Iraq; the Shami route, which serves pilgrims travelling from Syria, Jordan, and
Palestine; the Omani route; the coastal and interior Yemeni routes; and the Egyptian route (Al
Amoudy, 2017).
4.6.1. Tunnels
Numerous mountains and steep-sided valleys surround Al-Masjid Al-Haram and other
religious sites. This mountainous nature has a negative effect on the urban distribution and
development of the city, as well as creates challenges in connecting different parts of the city
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(Hekki, 1988). Since 1980, Makkah authorities have realized that the best way to link the various
parts of the holy city is by making tunnels through the mountains (Al-Thaqafi, 2012). These
tunnels reduced the distance between locations, and accordingly, had a substantial impact on the
city’s networking capabilities (Hekki, 1988). Currently, Makkah has 62 tunnels with a total
length of 31 km (Al-Thaqafi, 2012). Ten are pedestrian tunnels, the others have vehicle access
only (Ibrahim, 2009).
4.6.2. Public transportation
As previously stated, during Hajj and Omrah, pilgrims have to visit specific places in an
established chronological order. These places include Arafat, the Al-Masjid Al-Haram, Mina,
Muzdalifah, and their surrounding areas. Improvements to the transportation infrastructure
between these sites have occurred over time. For three decades, buses were the only means of
public transport between the holy sites. Al-Mashaaer Metro (the Holy Sites Subway) project has
been underway since 2010 to solve the problem of long delays that were caused by frequent
problems with the buses (Alamoudy, 2017).
5. Hazards
5.1. Crowd management
“Mass Gathering” is a term that reflects the gathering of people in large numbers to
attend a certain event in a specific place for a limited time (Memish et al., 2012). This assembly
could be either regular or irregular and planned or unplanned, and include sporting events,
religious pilgrimages, and political rallies (Rattue, 2012). The Mass Gathering for Hajj and
Omrah is considered one of the most sophisticated planned events in the world because of the
high number of pilgrims (about eight million annually) who gather in the city, a number that is
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increasing every year (Khan, 2012). As previously detailed, Hajj and Omrah involve rituals
conducted in a certain order at specific holy sites distributed along an area of about 20 km2.
A significant challenge is that Hajj and Omrah are physically demanding, since the rituals
take place in an outdoor desert environment with restricted modern amenities. This is particularly
true for the elderly, the children, the handicapped, and the infirm. Cultural challenges are
immense as the pilgrims have differing nationalities, languages, and customs. Although public
transportation has been significantly improved, the growing number of pilgrims causes major
congestions in the system among the holy sites (Al-khuzai, 2014).
5.2. Flash floods
Two distinctive factors amplify the risk of floods: (1) the rough topography and (2) the
large number of pilgrims that gather to perform Hajj over a two-week period. Makkah’s
topography is described as a plateau that rises 300 m above sea level but it is not completely
level. Some mountains, with elevations reaching 900 m or more, actually exist inside the city.
Accordingly, several hydrological catchments, with considerable natural ground slopes, have
been developed within the city boundaries, causing a growing possibility that a significant
amount of rainfall over a short period of time could lead to severe runoff. Surface runoff impacts
mainly the network of roads in the city, as this runoff causes severe traffic problems, mudflows,
and road damage (Al-Ghamdi et al., 2012).
As a result, significant damage could be caused by an occasional flash flood, especially
on the city’s road network. The acute flood recurs every 46 years, while one of second order
occurs every 33 years; a low risk flood takes place at an interval of 13 years. Unfortunately, the
magnitude of the average annual rainfall (101.2 mm) is not of much help in assessing the threat
of a flash flood, since one acute storm can surpass the average rainfall for a whole year. For
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example, the report of the storm of 1969 showed that the first 10 minutes only had a rain
intensity of 107.5 mm/h. But according to the records of one rainfall station, a volume of runoff
of more than 41 million m3 was caused by this storm in Makkah’s central area, resulting in
extreme damage and significant loss of life (Mirza & Ahmad, 2001).
The interaction between different natural variables controls the frequencies and
magnitudes of flash floods. These variables include precursor conditions of the catchment,
precipitation, as well as alluvium, and water storage distribution areas, among others (Chin &
Gregory, 2001). Nonetheless, the danger of flash floods is strongly impacted by the urban growth
inside the catchments. Runoff discharge downstream has increased significantly by urbanization
and the creation of impermeable surfaces through construction, storm sewers, the structure of
roads, and pavement. These processes generally cause a decrease in the capabilities of infiltration
of the soil (Al-Ghamdi et al., 2012).
Moreover, geologic factors affect the development of floods, as different rock units have
varying infiltration rates. The area underlying Makkah consists mainly of three rock units. The
Precambrian igneous rocks cover about 809 km2 (nearly 51% of the city area). This rock type has
very low permeability, which amplifies the chance of rainfall to form hazardous surface runoff.
The alluvium deposits that are mainly found along the valleys cover about 770 km2 (nearly 48%
of the city area). The remaining part of the city area, approximately 12 km2, is covered by
tripartite rocks. The soils underlying Makkah are predominantly thin layers of clay underlain by
impermeable rock units. Accordingly, the runoff potential is very high, and the infiltration rates
are extremely slow. Severe flood damage is a threat to more than half of Makkah’s road network
(Dawod et al., 2011).
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Occurrences of flash floods in the city, especially ones that happened during the Hajj
season, have been well documented (Mirza & Ahmed, 2001). A heavy rainstorm caused a
particularly destructive flash flood in 2005, resulting in extensive fatalities during Hajj. Twentynine people lost their lives and 17 suffered from serious injuries. Cars were swept off roads by
floodwater and bridges were ruined, and communications and electrical towers were seriously
affected (Subyani et al., 2009). As a result, significant changes to the infrastructure – conveying
channels, protective dikes, culverts, and dams – were made to withstand future flash floods,
mainly in Al-Masjid Al-Haram catchments (Wadi Ibrahim), as well as around the pilgrimage
holy sites and adjacent urban areas (Wadi Mehasser and Wadi Urana) (El Bastawesy et al.,
2013).
6. Overview of Urban Studies
American research on urban form and morphology has its roots in geographical analysis,
archaeological and landscape frameworks and architectural studies (Michael, 2001). Lewis
Mumford (1938) studied American urbanism in an international setting where his broad
discussion addressed changes over time due to technologies and industrial needs, while other
scholars often addressed physical forms themselves. They noted that by the 20th Century,
American cultural values had resulted in the development of different urban forms than those of
Europe (Hofmeister, 1971). Recent studies (e.g., Michael, 2001) have discussed built-up
landscapes as favored over other land use patterns (e.g., Relph, 1987; Knox, 1993; Ford, 1994),
while cadastral history was often ignored.
In cultural contexts, American cities were shaped by utilitarianism, individualism,
industrialism, and social fluidity of the American society (Conzen, 1996). Pre-urban nuclei are
absent in most American cities often lacking such historic nodes as royal palaces, centralized
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churches, and monastic districts. Before European interaction and in-migration in the 16th
Century, North American cities had complex and striking domestic and traditional forms often
dating to the twelfth century - these cities were shaped by ceremonial rather than commercial
influences. Early Spanish, French, Dutch, and English colonial towns had the same
characteristics of the originating countries of their European colonizers (Garr, 1991).
The United States was first established as Spanish-style colonial towns, where pueblos
were planned with a central plaza, tapping into the native American culture and architecture.
Public buildings and the Gentry class represented the nexus of these early town economies and
traditions. However, this order disappeared shortly after English immigrants began to control
town economies, operation and form. The English immigrants applied variant planning
principles including informal (organic) plans, grid-iron layouts, and simplified Renaissance plan
(Miller, 1988). Early research focused on the study of localized urban patterns but did not
describe form in relationship to a broad interpretive structure regarding different forces and
patterns affecting the global patterns of structure and change. Generally, urban growth in the
United States was dynamic after the Industrial Revolution when the general concern about value
made many urban morphological features and interactions distinct from anywhere else
(Pillsbury, 1970). Most cities in the United States developed on flat sites, and on the boundaries
of water bodies reflecting that commerce was of greater importance than defense. Original plats
have a simple grid-iron layouts design with a lot of slight dissimilarities in dimension, extent,
and street/lot alignments. Landowners were free to plan their properties in any shape and of any
function regardless of their neighbors’ activity.
American structures had four general characteristic features: (a) wooden structures are
heavily used, (b) buildings have short life spans, (c) building technologies and styles had a swift
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evolution of forms, and (d) the densities of internal building were generally loose (Ford, 1976).
Over time skyscrapers represented the commercial and business core creating distinctive
American urban skylines. The appearance of skyscrapers has been studied extensively while
their distribution, density, and pattern have been addressed to a smaller degree. Also, residential
building types, materials, patterns, and layouts have been examined comprehensively, but their
impact on streetscapes and district-wide designs has been less covered. In the geographical
sciences, land-use designs and related morphologies within built-up regions has been seldomly
studied especially relative to the urban cadastral and building typologies (Krim, 1977). Current
analytical geographic studies of the American urban form have added a distinct perceptual and
instrumentalist aspect where urban planners, analysts, and landscape architects were asked for
their perceptions and actions concerning form, constancy, and variation (Fenske, 1992).
M.R.G. Conzen was the father of Anglo-German urban research and his focus on the
development and characteristics of urban planning had been termed the Conzenian School,
which was later affected by the work of Schlüter and Geisler. Schlüter focused on the
development of the ground plan of cities and the aspects of settlement growth. Geisler used
colored maps to explain different land and building utilizations, as well as the number of floors
in those buildings. The idea of the Conzen School was to divide the urban landscape into three
subdivisions: (1) streets, plots, and block building plans, (2) material of buildings, and (3) land
and building use (Whitehand, 2011).
After the Conzen School, the concepts of the progression of urban development were
established and could be summarized as the following:
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1. A cycle of urban development starts with gradual filling‐in with buildings on far from
the front street to a limit ceasing any further development, then a redevelopment cycle starts after
a time of urban halting.
2. Fringe belts are areas where the uniformity of plot dimensions is lacking. They act as
borders that separate housing areas of distinct historical and morphological origin. Fringe belts,
construction cycles, land prices and modernism acceptance are strongly related.
3. The morphological frame concept describes the fact that the forms initially created on
the ground, like streets, highly constrain all the following changes.
4. A morphological region is a zone that possesses a unity in form that differentiates it
from neighboring areas. Morphological regions reflect the physical development of an area and
its boundaries. They are represented as a composite of discrete maps of planning areas, types of
buildings, and land-use areas.
While Makkah city’s urban development and evolution of morphology has consistently
had a core focus and node on the Kaaba and Al-Majid Al-Haram, its growth has been determined
by the complexities of a radial plan and dominant use, logistics of the annual hajj, and its arteries
of services (i.e., food, medical) and transportation (i.e., roadways, public transport), it has been
continually constrained by the characteristic arid topography of ridges interspaced with valleys.
So, Makkah’s morphology is an amalgam of morphologies; first radial focused on the Kaaba,
then gridded and networked through roadways, intersections, and nodes. Currently, however, its
growth is fueled by topography, infrastructure, and the city’s dramatic changes that occur
annually during Hajj when the city’s population is doubled.
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7. Research Statement and Motivation
The city of Makkah is rich with culture, customs and religious sites. It is appealing to
people nearby as well as from overseas due to its immense resources and religious significance.
With the increase in the number of visitors and temporary immigrants, urban expansion has led
to a significant number of profound problems that have occurred in the past, are occurring in the
present, and are predicted to continue in the future. Changes to the way the city is developed and
improvements in the infrastructure and service delivery would improve the living conditions of
the city’s residents, while simultaneously providing a more welcoming environment for visitors
and pilgrims. These changes would involve improved utility services including sewers, roads,
parking lots, sidewalks, and water facilities in both old and new housing developments. The need
to address the complex challenges experienced by the metropolitan region of the city of Makkah
is very real, and the uncontrolled urban sprawl has caused a serious risk facing the city such as
congestions especially near midtown which led crowded during Hajj periods to be difficult to
control, also, flash flood that cause heath risk for residents.
The main goal of this study is to examine the structural growth of Makkah through spatial
analyses and to develop a sustainable approach to future urban development. To achieve this
research goal, the current study has considered two main objectives: (1) Provide essential
information regarding urban monitoring and planning to the different ministries responsible for
managing Makkah’s urbanization. (2) Identify optimal suitable locations for informed urban
expansion along the periphery of the city in adherence with the existing socioeconomic and
environmental frameworks.
The first objective has been achieved via generating a time series analysis of the urban
and non-urban dynamics in Makkah over the past 34 years using geospatial data and techniques.
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Such a comprehensive time series allowed me to answer two main research questions: (1) What
are the spatial and temporal patterns of urban change in Makkah during the past few decades? (2)
How has urbanization contributed to the overall land use change in Makkah? The second study
objective has been accomplished through developing a fuzzy logic approach for the selection of
optimal locations for urban growth within the city boundaries using a Geographic Information
System (GIS). This approach permitted me to consider all the desired multi-criteria in selecting
locations for future urban expansion, as well as all factors relevant to potential hazards.
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CHAPTER II
Urban Dynamics in Makkah During the Past 34 Years (1984-2018)
1. Introduction
The continuous phenomena of the transformation of rural areas into urban areas leads to
changes in the composition and extent of the land use and may affect the local environment.
Urban areas possess spatial enthusiasm at a greater degree where the increase in dimensions is
occurring. Qiu et al. (2003) stated that there is a striking correlation between the decrease in rural
population and the increase in populations in small cities. The reason for change in urban areas is
primarily attributable to an increase in population as a result of migration to the cities. Around
3% of the earth’s surface consists of urban areas (Poelmans & Van Rompaey, 2010). Since the
20th century, the rural to urban land use change has expanded from 2% to 50%, and by 2030, it is
expected to grow to over 75% (Samat, Hasni, & Elhadary, 2011). Various factors influence
urban growth, including demography, geography, culture, environment, etc.
Expansion of a city beyond the fringes requires systemic spatial distribution. One of the
major issues faced in the metropolitan areas is the rapid urban growth. Urban expansion due to
migration can cause negative impacts, such as water pollution, air pollution, loss of land,
congestion, increased noise, etc. Unauthorized, uncontrolled, and unplanned urban expansion is
referred to as urban sprawl and can be grouped into three main categories: ribbon, leapfrog, and
redial. Ribbon urban sprawl is mainly near the urban transportation lines, such as roads, railways,
and airports. Leapfrog is known as urban growth that is scattered and widely separated. Last,
redial urban sprawl is found outside fringe zones of the municipal boundary (Sudhira &
Ramachandra, 2007).
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Monitoring changes in spatial distributions of development and resources can be done in
the most efficient and accurate ways with the use of the geographical information system (GIS)
and remote sensing. Urban change can be analyzed using remotely sensed temporal data and
associating it with the socioeconomic or biophysical factors in GIS (Moeller, 2004). GIS has
made various processes, such as suitable site selection for a specific purpose, stress-free for the
decision makers and urban planners by making it possible to integrate different map layers
(Imam at el., 2016). Using geospatial technologies, one can monitor, forecast, and determine the
factors that caused urban sprawl. Improvements in these technologies has led to the availability
of multi-temporal high-resolution satellite images and open source software, which have made it
possible to perform analyses almost free of cost. The amalgamation of GIS and remote sensing
assists in the detection and monitoring of land use and the identification of its attributes (Feng,
2009).
The most widely used technique to assess urban change is land use/land cover (LULC)
classification. The physical attributes in the form of vegetation, water, soil, land, and settlements
are referred to as land cover (Rawat & Kumar, 2015). Identification of differences in land cover
status in time and space is referred to as land change (Singh, 1989). The classification involves
analyzing satellite images for the detection of objects, which appear or disappear and change
shape in urban surroundings. This process detects change by using a threshold, which is chosen
based on either gray scale distribution or spatial properties of the image (Rosin, 2002). Due to
the exclusive outlook of urban growth, remote sensing is regarded as a reliable tool for urban
change detection.
There are various predictive models available to analyze change using satellite images
available at different years for the same region and considering a specific time interval. This
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forms the basis of analysis for a decision rule that forms the ultimate output (Araya & Cabral,
2010). Using remote sensing techniques, the updated LULC information can be mined,
examined, and replicated seamlessly (Isah, 2015). Landsat images provide boundary,
dimensions, and situations of urban change. To measure the changes that occurred in land and
habitats, data from different sensors were being used. Prominently, for the understanding and
modeling of temporal trends, remote sensing data provide effective means of information
(Epstein et al., 2002). Imam et al. (2016) analyzed the satellite images of Makkah for the 19982013 period. In their analysis, multiple types of land use/cover, such as vegetation, soil,
settlements, and mountains, were considered and apparently the topography played a vital role in
forming the urbanization pattern.
In this study, multi-sensor, multi-temporal satellite images and geospatial analyses were
used to monitor the urban growth in Makkah during the 1984-2018 time period, with a 5-year
time interval. This comprehensive monitoring enabled investigation of the patterns and dynamics
of urban change in Makkah over the past 34 years. Such a study will undoubtedly help the Saudi
authorities to assess challenges and find solutions to the urban sprawl in Makkah.
2. Data and Methods
2.1. Data acquisition and pre-processing
Landsat satellite images used in this study were obtained from the USGS Earth Explorer
data repository for the two tiles covering the study area (Path 169, Row 45; and Path 170, Row
45). The observing sensors were the Landsat 5 Thematic Mapper (TM), the Landsat 7 Enhanced
Thematic Mapper Plus (ETM+) and the Landsat 8 OLI (Operational Land Imager) with the
bands of 30-m spatial resolution. All images had been radiometrically calibrated and corrected
by USGS. The details of all used Landsat images are provided in Table 2.
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Table 2. Details of Landsat images used in the classification process
Year
Sensor
Path
Row
1984
Landsat TM
170, 169
45

Band combination
7, 5,3

1988

Landsat TM

170, 169

45

7, 5,3

1993

Landsat TM

170, 169

45

7, 5,3

1998

Landsat TM

170, 169

45

7, 5,3

2003

Landsat ETM+

170, 169

45

7, 5,3

2008

Landsat ETM+

170, 169

45

7, 5,3

2013

Landsat ETM+

170, 169

45

7, 5,3

2018

Landsat OLI

170, 169

45

7, 6,4

To achieve the main objective of geospatial and spectral analysis, a number of preprocessing steps were performed. The Landsat 7 image of 2008 had gaps in the satellite data
represented by black stripes due to a technical failure occurred in May 2008. Data loss in this
image is estimated at 11%. The original image raster’s null values were filled with focal raster
values that were generated by calculating the mean of the surrounding cells.
Appropriate band composites were also assigned during pre-processing as they play a
vital role in viewing data and displaying a certain land type in a specific color combination. Each
Landsat satellite image has a specific number of multispectral bands: Landsat 5 has 7 bands,
Landsat 7 has 8 bands, and Landsat 8 has 11 bands. In this study, three color composites were
used, as shown in Table 2, to enhance the visibility of urban areas and enable the discrimination
between urban and non-urban classes. An example is displayed in Figure 6. As the study area is
covered by two tiles, a geoprocessing tool was used to mosaic the images, then later a subset was
extracted for each year using the administrative boundaries of Makkah. The WGS 84 datum and
Zone 37N were used in the georeferencing process for the study area.
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Figure 7. A false color composite of Landsat 8 (bands 7, 6, and 4) showing the contrast between
urban and non-urban areas.
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2.2. Image classification
For urban change detection, image classification was undertaken basically to classify the
Landsat images into two main categories: urban and non-urban classes. The procedure used for
urban change detection in the city of Makkah is illustrated in Figure 7. The spectral and the
spatial profiles of Landsat images were examined to determine the digital number of pure urban
pixels and non-urban classes based on prior knowledge of the study area. Then the supervised
classification was employed to create training samples that were used to identify classes (urban
or non-urban) and to create their signatures, and the polygon tool of the training sample drawing
tools was used to assign pixels to specific class training samples being prepared. Fifty urban and
fifty non-urban areas were selected to create the training sample set polygons and their respective
signatures. The information recorded in the form of statistical data is referred to as a signature
file using maximum likelihood classification methods. The collection of training samples totaled
100 for each image at different time periods. This method allocates each sample of attention a
normal or near normal spectral distribution and gives it equivalent likelihood among classes.
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Figure 8. Procedure used for urban change detection
2.3. Accuracy assessment
The accuracy assessment is a necessary step after digital image classification, however
time and resource constraints prevented ground truthing of this study. So a set of random points
was visually identified from high resolution imageries to be used as a reference. These manually
identified points were used to populate the reference data field. In this study, the accuracy
assessment was undertaken using 100 points for each classified image. Locations of these points
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were chosen using the equalized stratified random point generation approach, which creates the
same number of points that are randomly distributed for each class (urban and non-urban). The
accuracy assessment points were edited to ensure that each point will have a valid class value for
the two fields: “classified” and “reference”, and later the confusion matrix was computed for
each classified image. The equalized stratified points were referenced with the mosaicked image
to check the classification accuracy. Each reference point was best guessed to fill the accuracy
assessment column. Table 3 shows user’s accuracy, producer’s accuracy, overall accuracy and
the calculation of the Kappa Coefficient used for accuracy assessment as shown in equation (1).
The confusion matrix shows columns having non-diagonal values representing omission error,
whereas the non-diagonal values are the rows that characterize the error of commission.
Omission error indicates the likelihood of a pixel being classified accurately i.e., producer’s
accuracy (Lillesand, Kiefer, & Chipman, 2000). The result is obtained by dividing the number of
pixels that are correctly classified by the column total; i.e., total number of training pixels. To
check the dependability of the user’s classification, user’s accuracy is also calculated (e.g.,
Rwanga & Ndambuki, 2017). This specifies exactly how well the training set pixels of a given
class type is classified. The user’s accuracy shows the probability of a pixel representing the
class determined by the commission error (Al-Ahmadi & Hames, 2009). The commission error is
computed by the division of the number of pixels that are correctly classified by the total pixels
in each category; i.e., row total. The computation of the overall accuracy is done by the division
of total number of pixels tested and the sum of major diagonal; i.e., correctly classified pixels in
total (Al-Ahmadi & Hames, 2009). The Kappa coefficient is estimated to reflect the difference
between approval reflected by chance and the actual agreement (Adam et al., 2013). Similar to
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correlation statistics, the kappa can extend from -1 to +1. The values close to 1 mean full
approval, whereas the values close to 0 represent low approval (Rwanga & Ndambuki, 2017).
Table 3. Accuracy assessment for the 2018 images
Class name
Urban
Non-urban
Urban
47
03

Row total
50

Non-urban

01

49

50

Column total

48

52

100

Producer's accuracy = (47/48)×100 = 97%

Omission = 3%

User's accuracy = (49/50)×100 = 98%

Commission = 2%

Overall map accuracy ((47+49)/100) ×100 = 96%
Overall Kappa Index = 0.92
𝐾=

%& '(

(1)

) * '(

Where K is the total number of points, N is the sum of correct classes, and D is the sum of product
between column total and row total
Example for Kappa estimation:
K= 100, N = 47+49 = 96, D = (48 × 50) + (52 × 50) = 5000.
+,--'.---

0,--

= .--- = 0.92
/----'.--3. Results and Discussion
The classified images obtained via the supervised classification are shown in Figures 9
through 16, which provide insight into the urban change pattern in the study area, offering a
useful product that can help determine the type of urban sprawl. Depicting changes of urban
expansion over the past 34 years, the area shaded red represents urbanization, while the area
shaded tan shows the non-urban parts of the city. There are some temporary residential areas that
appeared as urban in some images and disappeared in others. This explains why the urban pattern
was not consistent in such areas over years. These areas are basically holy sites that become
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occupied by tents and other temporary residential constructions during hajj and Omrah times.
These sites are marked with pale purple color in the time series.
There are three main types of urban sprawl including redial, leapfrog, and ribbon, as
shown in Figure 9 (e.g., Siti Z. et al., 2018). It can be clearly observed that, first, the urban
pattern in Makkah is not a redial sprawl. This type of urban growth often occurs alongside the
boundaries of the existing municipal area. This is not the type of urban sprawl that commonly
happens in flat areas. Second, this is not a leapfrog sprawl, typified by widely separated and
scattered developments that form a discontinuous pattern of urbanization. This sprawl can shade
some areas, such as landmarks, more than others, leaving many neglected areas in between.
Third, Makkah’s urbanization can be described as a ribbon sprawl, which happens mostly on the
transportation networks linking urban areas. This phenomenon has taken place in Makkah over
the years of this study, where road networks were established over time across the mountains to
access certain areas; such an infrastructure led naturally to an increase in urbanization, especially
in recent years.
The eight products from image classification for the entire study period can essentially be
divided into three stages: (1) The first stage included the lowest urban rate of change, totaling
about 1% from 1984 to 1993. As shown in Table 4, this stage experienced an increase of
economic activity in the city coinciding with an increase in the influx of pilgrims. It can be
noticed that this marked the start of an urban pattern design, which was more apparent in the
northeastern part of the city. This pattern provided impetus to construct higher buildings. (2) The
second stage was one of medium change from 1998 to 2008, a further 1% increase in urban
density in the central part of the city as mountains were scaled down to make way for more builtup areas. (3) The third and latest stage characterized by high change of urbanization from 2013
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to present, registering an increase of about 4% in just 5 years with a new spurt of growth towards
the southeastern, southwestern, and western districts. These changes in urban density are
significant and will attract greater urban development in the future. This makes it the most
important stage and emphasizes the pressing need for future urban planning to ensure optimal
development in the city, which has been addressed in detail in Chapter 3.
Table 4. Results of urban/non-urban classification between 1984 and 2018
Year
Urban
Non-urban
Area (km2)
%
Area (km2) %
1984
33.37
2.566
1267.179
97.433
1988

34.44

2.648

1255.117

97.351

1993

42.738

3.286

1257.819

96.713

1998

52.26

4.018

1248.297

95.981

2003

72.438

5.569

1228.119

94.43

2008

82.969

6.379

1217.588

93.62

2013

130.33

10.021

1170.216

89.978

2018

166.687

12.816

1133.87

87.183

10.25

133.309

10.25

Total change (1984-2018) 133.317

The overall accuracy of image classification for the 1984-2018 period ranges from 91% to 96%,
as shown in Table 5. The highest value of the Kappa coefficient (0.92) was observed in 2003 and
2018; whereas, the smallest value of the Kappa coefficient (0.8) was observed in 2008.
Generally, better producer and user accuracies were observed for the land use urban class. The
highest producer accuracy of 98% was observed for the urban class in 1998, 2003, and 2018;
whereas, the highest user accuracy (94%) for the urban class was observed in 2003, 2013, and
2018.
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Table 5. Classification accuracy assessment report for the Landsat images
Year
Accuracy
Land use class
Overall accuracy
coefficient
Urban Non-urban
1984
Producer's
0.92
0.90
0.91
1988
1993
1998
2003
2008
2013
2018

User's

0.90

0.92

Producer's

0.94

0.89

User's

0.88

0.94

Producer's

0.96

0.91

User's

0.90

0.96

Producer's

0.98

0.92

User's

0.92

0.98

Producer's

0.98

0.94

User's

0.94

0.98

Producer's

0.92

0.88

User's

0.88

0.92

Producer's

0.96

0.94

User's

0.94

0.96

Producer's

0.98

0.94

User's

0.94

0.98

Kappa

0.82

0.91

0.82

0.93

0.86

0.95

0.90

0.96

0.92

0.90

0.80

0.95

0.90

0.96

0.92

Figure 9. A simplified graph showing the three main types of urban sprawl (Siti Z. et al., 2018)
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Figure 10. Urban and non-urban areas in Makkah city (1984)

40

0

7/6/1988

5

10 Km

Jamarat
Al-Masjid Al-Haram

Mina
Muzdalifah
Arafat

Urban

Non-Urban

Holy Place

Figure 11. Urban and non-urban areas in Makkah city (1988)
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Figure 12. Urban and non-urban areas in Makkah city (1993)
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Figure 13. Urban and non-urban areas in Makkah city (1998)
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Figure 14. Urban and non-urban areas in Makkah city (2003)
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Figure 15. Urban and non-urban areas in Makkah city (2008)
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Figure 16. Urban and non-urban areas in Makkah city (2013)
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Figure 17. Urban and non-urban areas in Makkah city (2018)
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4. Conclusions
The city of Makkah has experienced considerable growth in urban areas during the past
3.5 decades. Poor urban planning has led to serious urban sprawl problems, and without
systematic and strategic planning, this sprawl is expected to continue in the future. In this study,
Landsat satellite images were used to examine urban expansion in Makkah between 1984 and
2018. Image classification results showed that rapid urban growth has occurred during the entire
study period. The city has observed urban growth towards its outskirts, which resulted in a
complex structure. Recently, most of the non-urban areas have been converted to urban areas in
the past years. The concluding remarks can be summarized as: (1) Makkah experienced
significant urban growth from 1984 to 2018, (2) the urban area increased by approximately
133.317 km2 over a 34-year time period, and (3) the classification method is demonstrably
efficient as the results show an overall accuracy over 90%. This study demonstrates the potential
of multi-temporal satellite images to perform a major role in computing the land use / land cover
changes for different time periods. The information extracted from the satellite images can
further be supplemented by additional data, such as census data, weather data, landscape data,
vegetation data, and water resources data to determine the critical factors that cause urban sprawl
in Makkah. Such information is vital especially for improvements in the planning and
development of the metropolitan region of Makkah.
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CHAPTER III
Fuzzy Logic Modeling for Integrated Urban Development in Makkah
1. Introduction
Urbanization is the process of constantly transforming a rural area into an urban area. It is
a process of human adaptation to meet increased needs and expectations for basic amenities. An
increase in the global population and economic development inevitably results in urbanization
(Shalaby & Tateishi, 2007). Approximately 3% of the Earth’s land surface constitutes urban
areas (Poelmans & Von Rompaey, 2010). According to the United Nations (United Nations,
2018), the world’s population that lives in urban areas grew from 30% (751 million) in 1950 to
55% (4.2 billion) in 2018. The trend for rapid growth in the urban population is expected to
continue, with 68% of the world population predicted to live in urban areas by 2050. The global
urban population is predicted to reach 4.9 billion by 2030. One of the common negative impacts
of rapid population increases is urban sprawl.
Urban sprawl can be grouped into three categories (as explained in Chapter II): ribbon,
leapfrog, and redial. Ribbon urban sprawl is largely around the urban transportation lines, like
highways, railways, and airports. Leapfrog is known as urban growth that is scattered and widely
separated. Lastly, redial urban sprawl is found outside fringe zones of the municipal boundary.
Urban sprawl is the major issue faced by metropolitan regions globally, especially in developing
countries (Sudhira & Ramachandra, 2007). Amongst its effects are increased traffic congestion,
the loss of suitable land for agriculture and water pollution (Deep & Saklani, 2014). Proper
planning of urban areas is essential for integrated development, and a major concern of
stakeholders, especially those involved in forecasting, modeling, and policymaking. Urban
sprawl requires earnest studying and spatial-temporal research by planners in order to determine
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its impacts on sustainable development (Barredo, Demicheli, Lavalle, Kasanko, & McCormick,
2004).
Geographic Information System (GIS) is capable of integrating multi-criteria decisionmaking processes in the spatial analysis of site suitability (Ziari et al., 2013). GIS is helpful in
efficiently managing site selections for cities, thus reducing costs associated with
implementation, conservation, construction, and reformation. The system also allows for
different types of data to be brought together for intelligent planning by integrating different map
layers to improve insight for decision making (Tasoulasa et al., 2013). GIS is universally applied
in research to determine, monitor, and forecast the phenomenon of urban sprawl, yet has been
under-utilized to study detrimental issues, such as random urban sprawl resulting from increased
population and migration to urban areas.
Random urban sprawl is highly dynamic in space and time. Urban planners are often
unprepared for the influx of residents who perceive the available land as a gift of nature that is
subject to human expansion. Previous studies on urban growth modeling focused on various
aspects of urban growth but were generally observed as a binary process of change from nonurban/rural to urban (Wu & Webster, 2000). However, an urban development process is more
appropriately simulated by a fuzzy process, both spatially and temporally. Spatially, there is no
clear border between urban and non-urban areas. Temporally, urban growth is a continuous
procedure and can be easily assumed by a logistic curve (Herbert & Thomas, 2013). Since urban
elements are the result of physical limitations and basic human conduct, the utilization of fuzzy
logic is appropriate in characterizing the principles of urban development (Al-Ahmadi et al.,
2009). Bailey et al. (2005) used a self-developed algorithm within GIS in a selection of a suitable
site for the location of a recycling facility at the Brisbane Airport. A combination of fuzzy logic
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and GIS has been used by previous authors for site suitability analysis within an urban setting. A
combination of fuzzy logic and spatial information technologies have successfully been used by
previous authors for the site selection of landfill sites. Khorram and Yousefi et al. (2015) used
fuzzy logic and GIS to guide the municipal authorities for the study area to choose the most
suitable landfill site for a town in the eastern part of Iran. Wang et al. (2009) applied the
analytical hierarchy method to landfill site selection in Beijing, China.
In this research, the Saudi Arabian city of Makkah was selected as the location to study
the phenomenon of urban expansion and the application of fuzzy logic in GIS as a tool for
improved urban planning. Several factors have led to a rapid urban transformation in Makkah, as
discussed in great detail in Chapter I. A series of advancements came to establish the relationship
between Al-Masjid Al-Haram, also known as the Holy Mosque, and its surrounding residential
areas. Proximity to the Al-Masjid Al-Haram has always been a primary determinant for socioeconomic growth and development in the city. The geomorphology has controlled the distinctive
structure of the Makkah metropolis, which has spread in a radial direction due to the complex
alluvial channels, regularly being isolated by the mountain ranges. This is an essential
component in the spatial pattern of the city (Dawod et al., 2011).
Makkah is an important holy city for Muslims who make a major pilgrimage, or Hajj, to
the city over the course of a few days during a specific time of the year. Hajj consists of four
main stops at: Arafat, Muzdalifah, Mina, and Al-Masjid Al-Haram. Muslims may also visit
Makkah any day of the year and perform a minor pilgrimage called Omrah, as previously
explained in Chapter I. Because of these pilgrimages, several million Muslims gather in Makkah
annually. The added effect of the additional population caused by visiting pilgrims to the city
was also considered in this study. The rapid growth in population may also affect the landscape.
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Of particular concern is the impact that the increased population density may have on the
historical area that surrounds Al-Masjid Al-Haram, such as property damaged, decreased
visibility, and increased pollution.
This study assessed and identified optimal locations for future urban expansion in
Makkah via three main steps. First, factors or decision criteria that are relevant to the suitability
of urban development assessment for fuzzy logic analysis were identified. Second, a GIS fuzzy
logic model was developed. Finally, the resultant optimal sites for urban development were
evaluated. GIS spatial analysis techniques were applied to provide guidelines for further urban
planning and to help planners with the challenge of random urban growth in this complex
situation. Additionally, this study provides decision makers with maps that can assist in the
selection of the most suitable locations for the expansion of residential zones, as well as to help
reduce the density around Al-Masjid Al-Haram. This is expected to allow visitors to worship
without being affected by disruptive traffic.
2. Materials and Methods
2.1. Input data and pre-analysis
Insights obtained from an extensive literature review of the study area assisted in
identifying 8 decision criteria considered favorable to urban expansion in Makkah (Table 6). The
input source layers represent site characteristics that are commonly used in site selection during
the urban planning processes. Several geodatabases were collated, and new data layers were
created from these datasets. Estimates of urban density were collected from the Makkah Region
Development Authority (MRDA). These data were classified as high, medium, and low urban
density. This dataset was corrected and correlated to recent images from the Sentinel-2 satellite
that were obtained from the United States Geological Survey (USGS). Parks data were obtained
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from MRDA as 186 vector points. For the spatial analysis, these points were converted to
polygons by digitizing the boundary for each park. The proximity and abundance of green spaces
is considered desirable as they afford several amenities, including ecologically sensitive zones
and areas for recreation. These spaces are considered strategic amenities within cities for
residential and business attractiveness. Hence, there is a demand for an increase in the number of
parks. Highway data were obtained by digitization of major roads from the Sentinel-2 satellite
imagery. The drainage network and the boundaries of Al-Masjid Al-Haram and Hajj sites were
delineated also from the Sentinel-2 satellite image. The Shuttle Radar Topography Mission
digital elevation model (SRTM-DEM) was downloaded from the USGS Earth Explorer (USGS).
This DEM has a 30-m spatial resolution representing the topography of the city. The city
boundary layer was used to clip all input data and limit the analysis to Makkah’s administrative
boundaries. The flowchart presented in Figure 7 shows the data used in the analysis and the
major steps of this study. Vector datasets were converted to raster datasets, as required for the
fuzzy logic analysis, using a Euclidean distance tool. The Euclidean distance tool defines the
association of each point to a source or a set of sources based on the straight-line distance, and
the raster data produced in the output map can help compute the proximity distance for features.
Table 6. Favorable decision criteria for future urban expansion
Desired criteria for fuzzy modeling
Data type
Close to highways
Line coverage
Far from drainage network

Line coverage

Close to parks

Polygon coverage

Close to current urban centers

Polygon coverage

Far from high-density urban areas

Polygon coverage

Far from Al-Masjid Al-Haram

Polygon coverage

Far from hajj sites

Polygon coverage

Near to scenic elevations (200-400 m)

Polygon coverage
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Figure 18. The GIS fuzzy model workflow used in this investigation
2.2. Location analysis using fuzzy logic in GIS
Classical logic theory states that the human mind is binary, implying that responses are
either true or false with a sharp, defined boundary between them. In contrast with classical logic
theory, fuzzy logic is a mathematical concept that depends on the foundation of approximate
logic. Approximate logic is considered the model of the human mind, which tends to make
rational decisions (Zadeh, 1965). Fuzzy logic can work with bivalent logic, which is the ability to
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classify incomplete, unreliable, ambiguous and uncertain information. When the classification
for a parameter is true, fuzzy logic can be used to estimate a range for the fuzziness and the
corresponding verbal expressions (Zadeh, 1976). Fuzzy logic is a powerful tool to analyze
incomplete information with ambiguity as is inherent in the case of linguistic and measured
uncertainties.
In classical logic, A is a set collection of well-defined objects of a universe of X where 𝑥
is an element of set A. The characteristic function is written as:
𝑋3 (𝑥) = 6

1, 𝑥 𝑖𝑓 ∈ 𝐴
0, 𝑥 𝑖𝑓 ∉ 𝐴

(2)

𝑋3 =1 means x belongs to A and 𝑋3 = 0 means x does not belong to A. Fuzzy logic is an
expansion of classical logic function by the expression:
𝜇3 : 𝑋 → [0,1]

(3)

Fuzzy membership functions are denoted as 𝜇3 , where X is the universe with the membership
function between the intervals 0 and 1. Five operators are available in fuzzy logic within GIS
(Bonham-Carter, 1994). These are: (1) Union “Or” operator, which is best used for finding
locations that meet any of the decision criteria, and the result will be assigned the minimum cell
value from all input layers:
𝜇3∪E = max(𝜇3 (𝑋), 𝜇E (𝑋))

(4)

∪ means maximum of two membership functions are defined as (union) or operation of two sets
A and B in universe X and Y.
(2) Intersect “And” operator is best suited for finding locations that meet all the decision criteria;
the result will be assigned the minimum cell value from all input layers:
𝜇3∩E = minL𝜇3 (𝑋), 𝜇E (𝑋)M

(5)
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∩ means minimum of two membership function, defined as (intersection) and operation of two A
and B in universe X and Y.
(3) Algebraic “Product” operator is best suited for finding locations with multiplied input fuzzy
memberships:
𝜇NOPQRST (𝑋) = 𝜋VW/ 𝜇V (𝑋)

(6)

where 𝜇V membership function and i = 1, 2, 3... n are numbers of factor maps to be combined.
(4) Algebraic “Sum” operator is best suited for finding all possible locations with multiplied
input fuzzy membership values and subtracting from 1:
𝜇XRY (𝑋) = 1 − 𝜋VW/ 𝜇V (𝑋)

(7)

(5) The “Gamma” operator is a complex overlay type that combines various sub-models:
𝜇[ (𝑋) = [𝜇XRY (𝑋)][ X [𝜇NOPQRST (𝑋)]/'[ ] (8)
where 𝛾 is factors of more control over the input membership and ranges from 0 to 1. When 𝛾 =
1, the combination has the same sum operation; and when 𝛾 = 0, the combination is equivalent to
product operation.
To find the optimum site for residential use or urban development, fuzzy membership
analysis was used to obtain output values ranging between 0 and 1, with 1 denoting most suitable
characteristics and 0 denoting the least suitable characteristic. The best way to visually represent
the fuzzy logic spatially is by using a GIS software such as ArcGIS, which has fuzzy
membership and overlay tools. The process consists of fuzzification, assigning membership
functions, a rule-based system, and combination or aggregation for decision-making.
Fuzzification is an input, which allows the user to set source layers with the selected decision
criteria for collected data (Table 6). Membership functions help express the likelihood using a
scale of 1 to 0 is used, where 1 represents very likely and 0 represents not likely at all. Fuzzy
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memberships in ArcGIS have various uses, such as small, large, and near functions. The small
function is used when the desired criteria of an input feature are assigned small values. By
contrast, the large function is used when the desired criteria of an input feature are assigned large
values. The near function use is different from small and large function because it defines the
specific input value from a set as the midpoint that has 1 value of membership (Mitchell, 2012).
The rule-based system has the following statement condition:
If X is A, then Y is B

(9)

Where A and B represent a linguistic value and X and Y represent a universe. “X is A” is
referred as the antecedent and “Y is B” is referred as the consequent. The example for the
application of this rule is: if a park is close to an area, then the area will be suitable. The rule
used by the input variable (park) and have output of fuzzy set (suitable). According to this rule, if
the antecedent is true, then the consequent is also true. Additionally, the antecedent could have
multiple parts. If the park is close and the highway is also close while the drainage network is
far, then the area is suitable. All parts of the antecedent count concurrently and determines the
value using the logical operators.
In this study, after all fuzzy membership layers were created, the fuzzy logic “AND”
operator was used to combine the fuzzy membership values. The fuzzy logic “AND” operator
can be used to create a new output set with a membership function that includes the minimum
value within each element. Wherever two or more criteria are considered for a recommended
position, the fuzzy logic “AND” operator is the appropriate choice. The operator is used
basically to meet all features of the cell and the output is assigned the minimum cell value from
all input layers.
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3. Results and Discussion
In this study, there are three main outputs. First, the Euclidean models that are shown in
Figures 17 through 24. These have been used to estimate distances from each input feature and
then used as input continued for the second output, which are the fuzzy memberships shown in
Figures 25 through 32, evaluated for each weight value ranging between 0 and 1. The third
output is a combination of these values of fuzzy memberships, showing the optimal locations for
future urban expansion. Each Euclidian model map was classified using appropriate break
values. For example, Figure 23 shows areas far from Al-Masjid Al-Haram by a distance of 6000
m, which are considered more suitable for urban development. Figure 24 shows the various
elevations in Makkah. Areas with a scenic elevation between 200-400 m are marked with the
green color. This elevation range is favourable because lower elevations might be affected by
floods during the heavy rainy seasons.
Fuzzy values were assigned for each decision criterion in the input data. Distances to Hajj
sites, Al-Masjid Al-Haram, high density urban areas, and main drainage network were assigned
large fuzzy values. Ideally, a greater distance from the Hajj sites is more desirable as these areas
become densely populated during the hajj season as millions of Muslims pay pilgrimage to these
sites annually. The same applies to Al-Masjid Al-Haram as millions of Muslims also visit this
site annually, resulting in traffic congestion in its neighborhood. It is noteworthy that urban
sprawl is centered around midtown with high density of informal residents having no security of
tenure to the land or dwellings they inhabit. These ranged in modalities from squatting to
informal rental housing within the neighborhoods that usually lack, or are cut off from, basic
services and city infrastructure and are often situated in geographically and environmentally
hazardous areas. These areas remain a persistent challenge facing the city. High density urban
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areas were allocated large fuzzy membership values since residents in proximity to these areas
experience a higher rate crime and pollution. The drainage network were assigned large fuzzy
membership values to account for the potential of flash floods. Proximity to drainage network
are thus less suitable. Small fuzzy membership values were assigned to distances of closer
proximity to road networks, parks and existing urban areas. Consequently, the computed fuzzy
maps were combined or aggregated together using the fuzzy overlay “AND” operator in order to
identify the most suitable sites for urban expansion in Makkah, as shown in Figure 33. These
sites are predominantly located in the northern, western, and southwestern parts of the city. Most
of the governmental planned areas for future urban expansion coincide with the identified
optimal locations identified by the fuzzy model; however, some planned areas are found located
in unfavourable zones for integrated urban development.
Results from this study can serve as a foundation for informed urban expansion to avoid
flash floods and to reduce congestion in Makkah. Additionally, the combined use of multicriteria fuzzy logic with spatial information in site selection for urban development overcomes
the drawbacks from previous studies that focused primarily on Boolean methodologies. This
study shortlisted the most significant and influential criteria necessary for the integrated
development of residential urban areas.
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Highway
Euclidean Distance from Highways (m)
0 - 2,000
2,000 - 4,000
4,000 - 6,000
6,000 - 8,000
> 8,000

Figure 19. Euclidean distances from highways
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Drainage Network
Euclidean Distance from Drainage Network (m)
0 - 1,000
1,000 - 2,000
2,000 - 3,000
3,000 - 4,000
> 5000

Figure 20. Euclidean distances from drainage network
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Park
Euclidean Distance from Parks (m)
0 - 4,000
4,000 - 8,000
8,000 - 12,000
12,000 - 16,000
> 16,000

Figure 21. Euclidean distances from parks
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Urban

Euclidean Distance from Urban (m)
0 - 2,000
2,000 - 4,000
4,000 - 6,000
6,000 - 8,000
> 8,000

Figure 22. Euclidean distances from urban
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High Density Urban
Euclidean Distance from High Density Urban (m)
0 - 5,000
5,000 - 10,000
10,000 - 15,000
15,000 - 20,000
> 20,000

Figure 23. Euclidean distances from high density urban
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Al-Majid Al-Haram
Euclidean Distance from Al-Majid Al-Haram (m)
0 - 6,000
6,000 - 12,000
12,000 - 18,000
18,000 - 24,000
> 24,000

Figure 24. Euclidean distances from Al-Majid Al-Haram
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Hajj Sites
Euclidean Distance from Hajj Sites (m)
0 - 6,000
6,000 - 12,000
12,000 - 18,000
18,000 - 24,000
> 24,000

Figure 25. Euclidean distances from hajj sites
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Scenic Elevations (m)
100 - 200
200 - 300
300 - 400
400 - 500
> 500

Figure 26. Scenic elevations are marked with the green color
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Figure 27. Fuzzy membership model for highway
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Fuzzy Large Drainage Network
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Figure 28. Fuzzy membership model for drainage network
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Figure 29. Fuzzy membership model for parks
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Figure 30. Fuzzy membership model for urban

71

Fuzzy Large High Density Urban
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Figure 31. Fuzzy membership model for high density urban
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Figure 32. Fuzzy membership model for Al-Masjid Al-Haram

73

Fuzzy Large Hajj Sites
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Figure 33. Fuzzy membership model for hajj sites
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Figure 34. Fuzzy membership model for scenic elevations
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Figure 35. Fuzzy overlay model showing the optimal locations for urban expansion
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4. Conclusions
Unlike previous Boolean studies over Makkah, this study applied a fuzzy logic combined
with GIS to find the optimal locations for urban development in Makkah, which can help urban
planners and decision makers make informed decisions regarding future urban expansions. The
fuzzy logic is preferred in this study because of its ability to overlay various geospatial inputs
taking into consideration the uncertainty of class boundaries in each input. The developmental
plan of Makkah created by the government had not taken into account the increasing
urbanization trends, the swell in the city’s population during pilgrimages, and the topographical
characteristics. These issues have challenged urban development in Makkah for decades,
particularly due to the increasing risk to flooding as the environment changes. Urban sprawl in
Makkah is occurring in both low and medium elevation ranges between 200 and 400 m;
however, it occurs more typically at the valley floors. Statistical records show that the loss and
damage have been increased significantly in recent years because of the uninformed
development that has occurred in flood prone areas. The GIS fuzzy model created in this study
for urban expansion supports the integrated development of Makkah by taking into consideration
proximity to existing urban areas, high density urban areas, parks, highways, elevations, drainage
network, Al-Masjid Al-Haram, and Hajj sites. The fuzzy membership functions were evaluated
thoroughly for each one of the aforementioned parameters. This study successfully identified the
optimal areas for further residential development and identified which contributing factors
played the most important role in the identification process.
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